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ABSTRACT 



I. This study contains an outline of the experimental 
measurements performed In order to determine Integrated Intensitioa 
of various vibration-rotation bands of carbon dioxide by use of 
standard techniques with a Rerkln-Slner spectrometer. 

II. 5total absorptivity measurements on carbon dioxide at 
room temperatures were made in a pressurized gas coll provided with 
transparent windows. 
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I. n’K-GRA.TJSD UTPKNSITT j^ASUHHIHIitTS OR GAJSBGH DIOSIU3 



A» Introduction ami^ airrmiy 

The importance of gas radiation in effecting heat transfer be- 
tween a gaa and ita s or roan dings, particularly when the gas temperature 
ia high, has been recognized for some time. However, accurate 
emissivity data are generally not available for use in engine axing 
calculations of heat transfer. Recently attempts have been made to 
calculate gas emissivities theoretically from spectroscopic data. 

It is the purpose of the present study to provide some of the basic 
data which are needed for the theoretical calculation of emissivities 
of carbon dioxide. 

Quantitative infrared intensity measurements have been carried 
out for tlx® more intense vibration- rotation bands of carbon dioxide 
using helium as a pressurizing agent. Measurements were made ty 
use of standard techniques. The results are summarised ia Sable I. 
gable I. Observed Integrated Intensities* of Oarbon Dioxide 



Band Center 
(ceT*) 


Integrated 

Intensity 

(cm 2 atm“ 1 at 298°K) 


Band Center Integrated 

(erf*) Intensity 

(cm" ato“^at 298°K) 


5109 


.43 


1932J 


| combined .83 


4983 


1.01 


1886J 




4860 


.27 


720) 




3716 


42.30 


668J 


1 combined 171.50 


3609 


23.50 


647) 




2349 


2706.00 


618] 




3137) 








2094) combined .147 






2074) 









a 



Observed intensities are accurate within + 20$ 
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B. . Methods for the 3acperip< mtal D atagatoa-tlan. of Jntogratod 

Internal ties 

Integrated Intensities of the infrared vibration-rotation bands 
aro required for the theoretical calculation of gas enissivitios and 
radiant heat transfer. 

ISie integrated intensity cC for a given vibration-rotation band 
is defined by the relation 



where I 5 ^ represents the spectral absorption coefficient at the 
wave number uu • Although the limits of integration should extend 
from - ® k + oo it is sufficient to restrict integration to a 
narrow wave number interval bracketing the band center because F ^ 
decreases very rapidly with <JJ in the wings of the vibration- rota- 
tion bands. Ehe integrated intensities for various vibration-rota- 
tion bands will be identified by appropriate changes in vibrational 

quantum number. For example, the intense - fundamental of 

( 2 ) 

carbon dioxide arises as a result of the transition*' 

v^ S= O ->V^ «S O, V, e O ->V 0 = O, -fn O =0, Vg ss o Vg ~ 1 

and has a band center at 2349.3 cn*"^. Ihe corresponding value of 
the integrated intensity is then identified by the symbol 

* For details concerning spectroscopic notation of polyatomic 
molecules see, for example, G. Herzberg, Infrared and Ramon 
fSoectrSfi D. Van Ho strand Go., Hew York (1945). 




( 1 ) 
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©< . ( 0 , 0?0 -9 0 , 0 ? 1 ) 

The integrated intensities of other vibration-rotation bands my 
be identified similarly. 

(?) 

a) The Method of Wilson and Wells 

For mono chroma tic radiation it is well known that 



l UJ “ J OMi e ^P <- P to vi ) 



( 2 ) 



where X ^ is the transmitted intensity at the wave number ll> 
when the incident intensity is X ou , , p is the partial pressure 
of the absorbing gas and Jl represents the optical path length. 
Hence the integrated intensity becomes 



- (p << f 1 fi 



* do / 



*«,> 



d tv 



(3) 



&u> 

where the integration in Bq. (3) is to be performed over the entire 
effective width AU> of the vibration-rotation band under study. 

The apparent intensities observed without absorber and with 
absorber, when the instrument is set at to , are not I 0(jU and 
respectively, but rather 



5 

x OOJ 



J r l QU) ' g(<v » t» ' ) d. to • 



(4) 



and 





i 

u> 



g(o» , u/ 1 ) dw' 



(5) 



- 4 - 



whero g( uj , <-d % ) repro3eat3 the f ration of li^t of actual wave 
nanber UJ X to which the instrument responds whan it ia set at u-J . 
Some of tho difficulties inherent in the calculation of do 

not arise in. tho determination of tho integrated intensity. Proa 
experimentally determined values of and 5? 0 ^ it is 

possible to dot orpine an apparent integrated intensity oL * which 
la defined by the relation 



when a number of specified conditions aro net. Shese conditions 
include the requirement that 1 0lv be independent of uu in the 
resolved spectral range, a condition which can be approached closely 
by eliminating atmospheric absorption and using sufficiently narrow 
spectrometer slits to give high spectral resolution. In addition to 
requiring constant T 0UJ , Sq. (6) will hold only if either the 
variation of P^ with uu can bo neglected in the spectral range 
or the resolution of the in3trunent does not vary appreciably over 
the vibration-rotation band under study. Of these two requirements 
the latter constitutes an intrinsic property of the instrument. Sve 
variation of in tho resolved spectral Interval erm bo minimised 




J&yn < d! ~ eA. 

v(-? 0 
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by pressure broadening, i.e., a® p J is decreased, cC 1 will 
approach ©C more rapidly, the higher the constant total prosaure 
at which the observations are made. 

As tho optical density is decreased, the plot of § va p*£ 
nay 3 how considerable curvature. This fact introduces an appreciable 
error Into the extrapolation required to determine ©d . At 
sufficiently hi^h total pressure pn, tho variation of @ with, p X 
should follow a linear relation in accord with tho fact that tho 
true integrated intensity is measured at overy value of tho optical 

density and 3q. (6) should apply directly. By proceeding according 

* ( 2 ) 

to Tfilson and Wells the result ©C * #<. as is increased 

( 2 ) 

can bo demonstrated. 

The two value of tho integrated intensity ©< can be obtained 
either by extrapolating «<,* to zero values of pJ? at constant 

f 

Ptj or by finding the limiting value of c*. * at constant optical 
density as the total pressure is increased. 



b) The Self-Broadening Technique of Penner and Weber ^ 

Infrared transmission studies on pure gases have the obvious 
advantage of eliminating tho possibility of experimental error 
resulting from inporfect nixing or from the occurrence of adsorption- 
desorption phenomena. On the other hand* they possess the severe 
disadvantage of always involving the effect of significant self- 
broadening associated with increased pressure of the absorbor. How- 













t 



ever, by suitable choice of to3t cell length it is possible to 
utilise 3 elf-broadening to obtain quantitative infrared intensity 
data. In general, the required cell length ia shorter when the 
vibration-rotation band ia no re intense. 

_Q«- 

a) Apparatus 

A Perkin-Elner Model 120 single beam infrared spectrometer 
with lithium fluoride, sodium chloride, and potassium bromide prisma 
was U3ed for transmission measurements. Incorporation of automatic 
slit drive over the wavelength interval used for study was found to 
save considerable time in experimental work. Pressure readings were 
performed by use of a Wallace and Tleman precision manometer for 
the pressure range 0-800 mm of mercury ( ± .2 m) and 0-1000 psig by 
use of a liarsh gage ( ± 2 psig). 

The cell and window assemblies were machined from 18-8 stain- 
less steel stock. IJooprene 0- rings and neoprene or teflon gaskets 
were used to support the cell windows. The principal features of the 
cell are shown in Pig. 1. She right end plate is provided with a 
special tap to permit flushing with nitrogen of the outside of the 
cell in the light path. This same end plate is fittod with a 
flange to 3lido into ths absorption cell slot provided on the spectro- 
meter. A flexible collar is inserted between the other end plate 
and the gLobar source. The collar also has a fitting for nitrogen 
flushing. 
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The cell is provided with a window assembly as shown and 19 
large enough to poroit incorporation of stirring rod with 
perforated end plate. In each experiment care was taken to assure 
uniform nixing of gases in the coll by adequate use of the stirrer. 

It was assunod that a unifom gas mixture had been obtained whoa 
additional stirring produced no measurable change in transmission. 

Details of wavelength calibration of the prism spectrometer 
using a sodium chloride prism are given in Section E. 

b) Summary of Experimental Data 

For the vibration-rotation bands of carbon dioxide on which 
experimental measurements were performed the quantity @ /2.303 
has boon plot tod as a function of p J? in Figs. 2 to 10. Correspond- 
ing integrated intensities have been given previously in Table X. 

J2> P-^I, 

The observed Intensities of vibration-rotation bauds of carbon 
dioxide are compared with the results of othor investigators in 
Table II. Reference to Table II shows that the data are in excellent 
agreement with the results of other investigators. 
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lable II. Observed Intensities of Carbon Dioxide 



Integrated Intensity oC 
ata“^ at 298°K) 



Band Center Wilson r Bggers and . 
(cq“^) et al Crawford ^ 7 ' 

(1941) + 10$ 

Xl951) 



Present 
Study 
t 30$ 

_1A9§21 



5109 










.426 


4983 










1.01 


4860 










.272 


3716 




39.0 






42.3 


3614 




37.0 






28.6 


2349 


2867.0 


2693.0 




2706.0 


2137 












2094 








- combined 


.147 


2074 




0.14 (P and Q) 




i 




2074 




.05 (Q only) 








1933 

1886 




.005 


^combined 


.083 


720 












668 


187.0 


161.0 




■ combined 


171.5 


647 












618 






/ 
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E. Calibration of Perkln-Klmer Spectrometer with Sodium Chloride 
Prism 

In the wave number calibration of aa infrared spectrometer it 
may become neoessary to make us© of tho relation between micrometer 
screw turns and wave number in wave number regions where no 
calibration points (absolution band3 or lines) exist or are available. 
In the present calibration it was necessary to extrapolate the 

micrometer screw turns vs. wave number curve from the carbon dioxide 

-1 

band at 667 cm to regions near the absorption limit of the sodium 

chloride prism. This was don© using the method of McKinney and 

( 8 ) 

Friedel, ' whose empirical equation is 



T a 2 0 - B (w., -t» a ) 



2,-1 



(7) 



where 5 is micrometer screw turns and T c is the ordinate intercept 

2 2—1 

at 3(u>n - u» ) =s 0. Her© uJ, is the Bestrahlem wave number 

& & 

depending on the prism material and u> is a known or measured wave 

nunber. Seven absorption maxim of ammonia and carbon dioxide were 

2 2 ~X 

used for calibration and (“> -u> ') was calculated and plotted 

Lj 

against micrometer screw turns. Tor sodium chloride the value of 

-1 

to is 126 cm . 

O 

The constants 2 Q and B are determined from the known absorption 
maxima. Equation (7) is used to extend the calibration curve of T vs 
uf . The correction term for short wave length absorption was 
neglected for tho present purpose. Figures 11 and 12 are reproductions 



- 10 - 



of original calibration graphs in which the abscissa are, 

2 2 -1 

respectively, UJ and (u» - Of ) , whereas each o Mina to rep- 

resents micrometer screw turns. 
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II. TOTAL A3S0KPTIVIT? ! .S&SOETIJETS OH OAKBOH BICXIOH 
at noon Tffiii’HHfljraBa 



A. Introduction and Summary 

The calculation, of radiant heat transfer from heated carbon 
dioxide requires the use of experimentally detorrained absorptivity 
data. The total absorption of radiation by carbon dioxide lias 
been reinvestigated at various optical densities at different total 
pressures cad at room temperature. A complete investigation could 
not be carried out at other temperatures because of experimental 
difficulties with the gae cell and amplifying system. The measured 
values of the total absorptivitiea are given in Table III. 
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B. Baalc Radiation Laws 



'Siq spectral distribution of radiation from a blackbocly ig 

(9) 



given by Planck 1 a radiation law 

-8 



-1 



d/$ *s A £axp (c 2 /A T) - ij 



( 7 ) 



where d A is the energy omitted from a blackbocfer at tenperaturo 
T per unit tine per unit area in the wave length interval from A 
to A plug d/} throu^out a solid angle 2 7T steradiaas. 
and c., are physical constants whose values are given below: 

ts 2 77 * c!T « (3.732 + .006) x 10 ^ erg cn sec; 

c 2 = ch/k «* (1.436 t .001) cm °K; 

, „ -10 -1 
c = velocity of light « (2.99776 + .00020) x 10 cm sec ; 

h = Planck's constant « 6.62 x 10 erg secj 

—16 c —1 

k » Boltzmann's constant = 1.381 x 10 ergs per molecule K . 

-1 

Bquation (7) may be expressed in terns of wave nunber UJ (- 4 )j 

2 a; ® c^uJ* [exp (c^u>/f) - ij du> (8) 

where dui is the enepgy emitted from a blackbody at tempera- 

ture T per unit tine per unit area In the wave nunber interval froa 
UJ to W plus d u) throughout a solid angle 2 IT steradiaas. 



The total intensity of radiation omitted "by a blackbody over 
all wavs lengths is given by Stephan * 3 law 




(9) 



where O' represents the Stephan-Boltznnnn constant and has tho 
numerical value (5.67283 ± .0037) s 10 “ 5 org cn " 3 
°K ** 4 see * 1 (= Zjr^/lSo 2 ^). Tov a greybody the enissivity £ is 
independent of wave number, i.e.. 



k w < = (10) 

where H * is the spectral intensity of radiation emitted from a 
graybody. The engineering enissivity or absorptivity for diatonic and 
polyatomic gases io defined by a relation similar to Bq. (9). Thus, 
if I is the spectrally emitted intensity from a non-black and a 
non-grey source, then the engineering enissivity E is given by 

CD 

1= J(l w fer- S*)dU/ (11) 

o 

where 1 *® R u» C* “ o:cp ^ix> H • *uj the 9 P eo “ ra ^ 

absorption coefficient and p is tho optical path density. 

Equation (11) can. bo written more ecqdicitly 0.3 a stn over tho 
contributions to the total enissivity from separate vibration- rotation 
bands. Thus, let . 

/ i ) X 1 

^U) ea a cl) (v^, Vg, Vg -9 v^, v^, Vg) represent the effective 



width of the vibrat ion-rotation, bend arising fron the transition 

I » /' • 

v l» v 2» t 3 — * v 3» v 3« 211011 



where the quantum numbers met conform to tho selection rules for 
all allowed vibrational transitions* Quantitative calculations of 
r are exceedingly difficult to carry out* 

— .So.tol Ab.3Qgptl yi1 ^3fet _ami nat,ions on Carbon Dioxide. _at J &oa 

Temperature 

-An apparatus has bean built for the measurement of absorptivity 
and enissivity of carbon dioxide. The system consists of a source 
of infrared radiation, a gas cell in which temperature and pressure 
nay be controlled and a non-solective rocolver. 2ae 3ignal fron tho 
receiver or detector is amplified using chopped radiation for 
stabilization. The percentage of transmission is found by comparing 
voltage output fron the detector for an empty cell with voltage 
output fron the detector for the seme coll under test conditions. A 
recording potentiometer (Spoe&onax) is used to indicate voltage. A 
block diagram of tho apparatus used for study of absorption and 
omission is shown in Fig. 13. 

Tho source of radiation used is a globar unit which has a 




AUJ 



continuous omission spectrum in the infrared region, 









I 
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She globar temperature oust be held within close limits to reduce 
fluctuations in radiation. Power supply to the globar is 
regulated by a Sola constant voltage transformer. 

The globar, gas cell, and detecting thermocouple are placed 
in a wooden chamber which is flushed with nitrogen to prevent light 
absorption by atno3phorlc water and carbon dioxide. She coll is 
fitted with potassium chloride windows which allow transmission at 
wave lengths longer than 20 microns. 

The detector is a thermocouple which develops a signal of 100 
microvolts with full globar input. Sensitivity of the thermocouple 
is specified as six microvolts per microwatt of incident radiation. 
This thermocouple is of the same typo as that used in the Psrkin- 
Kliaer Model 120 Spectrometer and is reported to be linear in output 
over wide variations in light intensity at all wavelengths in the 
near infrared region. The thermocouple is sansitive to ambient 
temperature changes. Drift and instability produced by ouch changes 
are avoided by chopping incoming radiation at 13 cycles per second. 
Thus a low frequency A.C. anplifior nay be used to amplify the very 
low level signal from the thermocouple. The A.C. si^ral is later 
rectified and filtered to recover information regarding signal 
amplitude. Contacts for the synchronous rectifier are operated by 
moans of cnn3 on the shaft of the synchronous motor used for the 
rotating shatter. 
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’lilssivity as well as absorptivity nay be measured with this 
system. 2br eni33ivity measurements it 13 only necessary to place 
the light chopper disk between the aanplo and the thermocouple 
leather than between the globar and the gas sample. 

Since percentage of transmission is measured by noting the 
difference in radiation intensity received when the coll is 
evacuated and the radiation received when the cell contains gas at 
known temperature and pressure, it is important that measurements 
be made within the limits of linearity of the detecting and amplifying 
system, '"’here is no easy means available for the measurement of 
absolute radiation intensity received at the thermocouple. Tha 
amplifier and Spoodonax wore found to be linear with respect to 
input signals from the detector. 

Percentage of absorption by carbon dioxide at the temperature 
and pressure used was found to be of the order of 25$ or I 033 . In 
order to get reliable data it is necessary that noise and drift be 
low in comparison with variations in s5,gaal strength arising from 
changes in absorption of radiation. Hoise and drift in the 

instrument were reduced to below the 1$ level. 

( 10 ) 

Previous investigations wore carried out at a total pressure 
of one atmosphere whilo varying the partial pressure of the absorb- 
ing or radiating gas. Wo have investigated absorption of radiation 
at room temperature at total pressures up to 55 atmospheres. 






I 

I 









I 





















- 10 - 



Let D = recorder deflection for the filled gas cell and s 
the deflection for the enpty cell, X » recorder constant, 

5? a = glohar temperature, £ 3 = aaiwivity of source, 

C~ ~ Stephan-Boltsnann constant, *s absorptivity and X* « K . 

Shea 



Kn L- ^ ^4 



and, if £ g ~ 1» 




V.hon the gas cell contains absorbing gas and £ a = 1, then 

9 

X'D= (l-c*)f 4 

« . <4 - k. B )/4 

* 1 - D/7^ 



(14) 



(15) 



( 16 ) 



( 1 ?) 

( 16 ) 



It follows fron Kirchoff*s law that the total absorptivity and 
enisslvity of the carbon dioxide are equal to each othor at 
equilibrium. At rooa temperature it ha3 been assumed tlxat the 
enisslon of radiation from carbon dioxide is negligibly snail 
compared with the intensity of the transmitted incident radiation. 

The results of total absorption measurements are presented in 
Tables III and IV and are plotted in Figs. 14 to 17. Table III and 
Fig. 14 contain a sumary of the experimental data which wore actually 
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obtained. Table IV sad Figs. 15 and 16 contain results applicable 
to a total pro s sura of 1 atmosphere. In Fig. 17 the absorptivity 
is plotted as a fraction of optical density with the total pressure 
p^ treated a 3 a variable parameter. Eeferenco to Fig. 17 shows 
that is not a sensitive function of the total pressure at 

pressures in excess of about 3.73 ata. 



gable IV. Absorptivity of Carbon Dioxide at a Pressure of 1 stn 
aad at aeon Tecrperatur® 



p 8 

(ft-atm) 


Absorptivity c< 


v8 

(ft-atra) 


•3fc- 

Aboorptivlty c<. 


10 


.221 


.4 


.081 


8 


.197 


•3 


.061 


6 


.173 


.1 


.054 


4 


.148 


.08 


.050 


3 


.122 


.06 


.045 


1.5 


.113 


.04 


.039 


1.0 


.103 


.03 


.030 


.8 


.098 


.01 


.023 


.6 


.092 

j 







Ms ggaaaAtaa. , .At PAte Jtozwttf&lMai 

The experimentally determined values of oC at a total 

pressure of 1 atm are compared with the results of studies carried 

( 11 ) 

out by Hottel and Hoagelsctorf in gable V and in Figs. 18 and 19. 
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Since the Unit of our probable error i 9 + 10$ and those of Hottel 
and Mangelsdorf + 20$, the agreement between the independently 
determined experimental data nay be considered to be satisfactory. 



Table Y. Absorptivity of Carbon Dioxide at Soon Temperature at 
a Total Pressure of 1 Atmosphere. 



pi 

(ft atn) 



mm-w i ! iin »i i nrTP t ,'mwmm w m.mm 'vmmtm 1 1 i » m u m r m u 

Absorptivity 

Hottel and 

Maagelsdorf Present 

(1935) Study 



10 




.221 


8 




.197 


6 




.172 


4 


.17 


.148 


2 


.15 


.122 


1.5 


.14 


.113 


1.0 


.128 


.103 


.8 


.130 


.098 


.6 


.111 


.092 


.4 


.100 


.081 


.2 


.083 


.037 


.1 


.068 


.054 


.08 


.064 


.050 


.06 


.057 


.045 


.04 


.050 


.039 


.02 


.038 


.030 


.01 


.0285 


.023 


.008 


.0253 




.006 


.0219 




.004 


.017 


- 
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Fip. 1 . Schematic representation of infrared 
absorption cell used to measure intensities of 
gas mixtures. 
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Sigure 13. Block diagram of apparatus for measurement of 
total absorption of infrared radiation. 
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